ABSTRACT.-Discriminant analysis can use morphometric differences between known male and female birds to predict the sex of unknown individuals in field studies. Geographic variation in size and shape often limits the predictive value of a discriminant function to the population from which it was derived. Specific discriminant functions for populations of five species of fulmarine petrels (Northern Fulmar, Fulmarus glacialis; Southern Fulmar, F. glacialoides; Antarctic Petrel, Thalassoica antarctica; Cape Petrel, Daption capense; and Snow Petrel, Pagodroma nivea) assigned 81 to 98% of birds in the samples to the correct sex, but the validity of each discriminant applied to alternative populations remained questionable. Our approach to overcome this limitation is to combine data from the different species into a single discriminant. Adequate performance of this generalized discriminant in samples of different species shows its validity for use in other populations of any of these species. The generalized function calculates the discriminant scores for individual fulmarine petrels as: Y = HL + 2.38BD + 0.41 TL -0.21CL, where HL is head length, BD is bill depth, TL is tarsus length and CL is bill length (measurements in millimeters). The cut point to split sexes is different in each sample and may be calculated directly from discriminant scores, without reference to sexed birds, by using a maximum-likelihood method. Depending on species, the generalized method results in 84 to 97% correct classifications and can be applied to other populations of fulmarine petrels without requiring samples of birds of known sex. Received 19 November 1991, accepted 20 November 1992 FULMARINE PETRELS, like most seabirds, lack plumage characters by which sexes may be recognized. Small differences in mensural characters, however, may reveal sufficient dimorphism to distinguish sexes. From known correlations between sex and measurements in a sample of sexed birds, a discriminant analysis (Sokal and Rohlf 1981) can weight characters for their power to distinguish groups (sexes) of unknown individuals.
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Many statistical packages supply computer programs for discriminant analysis. Computerized data processing has promoted the use of discriminant analysis. The method has been successfully applied to a wide variety of seabird species from different groups, including penguins (Scolaro et al. 1983 , Gales 1988 , Williams 1990 , divers (Okill et al. 1989) , tube-nosed birds (Dunnet and Anderson 1961 , Brooke 1978 , Copestake and Croxall1985, Sagar 1986 , Johnstone and Niven 1989 , gulls (Shugart 1977 , Ryder 1978 , Fox et al. 1981 , Nugent 1982 , Coulson et al. 1983 , Hanners and Patton 1985 , Schnell et al. 1985 , skuas (Hamer and Furness 1991) and also to freshwater and terrestrial birds (e.g. Anderson 1975 , Green 1982 . Various approaches are possible. The most usual for discrimination between sexes is to construct a single formula that calculates a discriminant score for each individual on the basis of its measurements. The cut point to partition scores into male and female groups is usually taken as the midpoint of the interval between the group means of sexed males and females.
Unfortunately, there are some drawbacks that prevent general usage of published sex discriminants. Many bird species show considerable variation in size over their geographical range. As a consequence, the cut point calculated for one population may not be appropriate for another. Also, geographic variation may involve shape, which could affect the weighting of characters in the discriminant formula. For example, Northern Fulmars (Fulmarus glacialis) from Spitsbergen are not only considerably smaller in overall size, but also have relatively shorter bills than Northern Fulmars from Britain: relative to head length, bill length is about 4% shorter in the Spitsbergen birds (van Franeker and Wattel 1982, unpubl. data) . Wynne-Ed- Coulson et al. 1983 , Scolaro et al. 1983 ). The uncertainties induced by these types of variation urged authors to caution against the unchecked application of their sex discriminant to other populations (e.g. Fox et al. 1981 , Nugent 1982 , Witt et al. 1984 , Gales 1988 , Hamer and Furness 1991 . Since 1980 the first author has worked on several projects involving five species of fulmarine petrels: Northern Fulmar, Southern Fulmar (F. glacialoides), Antarctic Petrel (Thalassoica antarctica), Cape Petrel (Daption capense), and Snow Petrel (Pagodroma nivea). All studies required knowledge of the sex of birds handled in the field. In some field projects, birds sexed by dissection or by field observations allowed the construction of a discriminant function that could be applied to other birds within the population. However, in other study populations, it was not possible to sex an adequate sample of birds. In spite of a good general impression of sexual dimorphism in fulmarine petrels, we were unable to give a reliable prediction of sexes of birds in those populations where sexed individuals were missing. The same problem will also be encountered in future projects. Thus, we decided to reconsider all our data in an attempt to construct a reproducible method to discriminate sexes in populations of the fulmarine petrels without requiring birds of known sex. The method calculates (1) a single generalized discriminant from data on sexed birds of a number of different populations, and (2) population-specific cut points without reference to sexed birds. The predictive power of the method is demonstrated for populations of five species of fulmarine petrels. Samples of sexed fulmarine petrels are characterized in Table I . Northern Fulmars, beached in the Netherlands between 1980 and 1988, were dissected for morphological and pollution-related studies (van Franeker 1983 (van Franeker , 1985 . Several other North Atlantic fulmar populations were studied, but an adequate sample of sexed birds was available only from Jan Mayen (van Franeker eta!. 1986 ). Southern Fulmars, Antarctic Petrels, Cape Petrels and Snow Petrels were studied in 1984-1985 and 1986-1987 at the Australian base Casey (66"5, ll0°E) and the nearby Ardery Island, Wilkes Land, Antarctica (van Franeker et a!. 1990 ). For Antarctic species, two groups of sexed birds were available: birds sexed by dissection; and birds sexed by observing characteristic behaviors or external anatomy. Data on the latter group involved cloacal evidence (Serventy 1956, Boersma and Davies 1987) , copulation position, egg laying, incubation shifts (Pinder 1966) , known sex of partner and, for Snow Petrel, voice level (Bretagnolle 1990) . Although generally reliable, a small risk for incidental misinterpretation of such observations may occur. Therefore, our calculations in this paper have often been made separately for dissected birds, and for all sexed birds (dissection + observation). Skins of dissected specimens from known breeding localities have been deposited in the care of the Zoological Museum of the Institute ot Taxonomic Zoology, University of Amsterdam.
Measurements.-Measurements of the following characters were taken from fresh corpses or live specimens (Fig. I; Cramp and Simmons 1977) : bill length (CL), from edge of implantation of feathers to most distant part of curve of hook (accuracy ±0.1 mm); bill depth (BD), from angle of gonys to dorsal surface of hook (±0.1 mm); head length (HL), from supraoccipital to front edge of bill (±1 mm); tarsus length (TL), from middle of midtarsal joint to distal end of tarsometatarsus (±0.5 mm); wing length (WL), maximum flattened chord, from carpal joint to tip of longest primary (±1 mm); tail length (TA), central tail feathers from point where emerging from skin to tip (±1 mm). Lengths of wing and tail were not always [Auk, Vol. 110 Discriminant analysis.-We developed a discriminant-function formula for calculating individual discriminant scores and a cutpoint to partition scores into male and female groups (Lachenbruch 1975) . Formulas for separate populations were calculated by use of stepwise multiple-regression analysis (Genstat 5; Payne et al. 1987) . Stepwise multiple regression ranks characters according to their discriminative power and supplies estimates for a constant and a regression coefficient b, (i.e. the character's weight) for each of the characters (i =I, ... , n) from which discriminant scores of birds can be calculated. To facilitate comparison between formulas for discriminant functions, we have omitted the constant and divided the coefficients by that of the first-ranked character. The discriminant score (DS) of birds is then calculated by:
where m, is the measurement of the bird for character i, and w, is bJb, the adjusted coefficient. The adjusted coefficient for the first character is, thus, always recalculated to value 1. Scores of birds of known sex can be used to calculate the cut point to split the male and female components of the frequency distribution of discriminant scores. The cut point was calculated as the midpoint between the mean scores for males and females. As males are larger than females in all fulmarine petrels (Appendix), the sign of the coefficients was chosen in such a way that a score of an unsexed bird above the cut point indicates a male, and values below indicate a female.
Discriminant analyses were carried out with both the original measurements and their logarithms. Logarithmic transformation did not improve results and is not discussed further. Multiple-regression analysis in Genstat supplies information on outliers, such as birds with malelike measurements but sexed as females. Outliers were checked for errors in data entry, but were not omitted from analyses.
Reliability of sex assignment by discriminant functions was tested by various methods. First, a self test was used in which performance of the discriminant function is tested on the material from which the function was calculated. As self tests ignore bias due to sample size, two other tests based on the principles of the V, validation procedure (Frank et al. 1965 ) were also applied. The cross test (Stone 1974 ) randomly attributes all birds in a sample to one of four groups. In each possible combination of these groups, the performance of a discriminant function calculated from three groups is tested on the remaining group. Thus, all birds are tested in a discriminant function derived from other birds. We also applied the jackknife test (Lachenbruch 1975 , Dixon 1985 , which is similar to the cross test, but calculates a discriminant function for all but one of the birds in the sample, evaluates that bird, and repeats the procedure for all birds in the sample. We consider the jackknife test the best indicator of performance because discriminants based on all individuals except from one will suffer least from small sample sizes. In small samples, self tests will tend to overestimate and cross tests will tend to underestimate the performance of a function. Nevertheless, we have also listed results of these tests, as they are used in literature on sex discriminants in birds.
Multisample discriminant analysis.-If samples of sexed birds in different populations are small, but different populations have a similar morphology (i.e. shape), it may be advantageous to estimate a generalized discriminant from the combined samples (c£. Rayens and Greene 1991) . The generalized discriminant calculates a single set of weights of characters for use in all populations. The cut point of course has to be population-specific. A generalized discriminant can be calculated for a group of different populations within a species, or, as in our case, for a group of different species. Details of the method are as follows. In a population-specific discriminant for population p, the weights (equation 1) depend on the mean difference vector (b,,) between the sexes and the pooled within-group covariance matrix (SP). In the formula, the vector of weights can be expressed as S,,-'br (Lachenbruch 1975 ). An analogous generalized discriminant can be obtained by s-'b, where the within-group covariance matrix S and the mean difference vector b are pooled across populations. This idea is not new; it is an option in the BMDP package (Dixon 1985:530-531 and 679-681) . The method of pooling needs some further consideration. If the true withingroups covariance matrices are identical, an efficient method of pooling is to assign each individual equal weight in the calculation of bandS. However, when the true within-groups covariance matrices differ, such a way of pooling may be misleading: the populations that are overrepresented in the sample will unduly influence the generalized discriminant. To avoid this, each population can be given equal weight (i.e. band S are averaged over the population-specific bP and SP). The latter method was chosen for our data so as to not overemphasize sex differences in the large samples of Northern Fulmars.
Performance of multisample discriminant functions (MDF) was evaluated by calculating species-specific cut points for MDF scores and checking the performance for birds of known sex in each species. This procedure looks similar to the self test, but differs from it by the fact that the discriminant function was derived from a much larger (multispecies) sample of sexed birds than the (single species) sample that was tested. The cross test and jacknife test could not be applied because of species-specific cut points.
Cut-point calculation without reference to sexed birds.-Because of size variation, each population needs a population-specific cut point to partition scores into male and female groups. In the absence of sexed birds, the cut point has to be derived from the shape of the frequency distribution of discriminant scores. A discussion on different methods for decomposing mixtures of distributions into their components was given by Titterington et al. (1985) . We have chosen to use the method of maximum likelihood based on the assumption that the distribution is a mixture of two univariate normals with possibly unequal variance. The calculations were performed with the expectation-maximization algorithm as detailed in example 4.3.2 of Titterington et al. (1985:84-87) . This algorithm yields estimates of the means (J1 1 , J1 2 ) and variances (o-u o-2 ) of the normals. From these, the cut point is derived by solving for the point where the two normal densities intersect. In formula, the cut point is:
In the petrel species under consideration here, males are larger than females in overall size and in all individual characters (van Franeker and Wattel 1982; see Appendix) . After calculation of the cut point, this knowledge suffices to assign sexes to birds in the sample. Information on VAX Genstat and personal computer programs for calculations of a generalized discriminant function from different samples and for the cut-point calculations are available from the first author.
RESULTS AND DISCUSSION
Population-specific sex discriminants.-Stepwise multiple regression of the measurements of Northern Fulmars from the Netherlands indicated the following sequence of characters in order of decreasing importance to a sex discriminant: head length, bill depth, tarsus length and bill length. Also, when repeating the analysis with wing length and/or tail length (smaller sample sizes because of missing data), head length proved to be the most discriminating character. Discriminant functions with from one to six characters, starting with head length and each time adding the next most important character, are shown in Table 2 . Functions not using head length do not perform as well. A discriminant function using only bill length and bill depth (CL + 2.519BD;cutpoint = 81.44) resulted in 93.1% correct classifications. In appearance and performance, this function is very similar to the discriminants based on CL and BD that were developed by Dunnet and Anderson (1961) and MacDonald (1977) for Northern Fulmars breeding in Scotland. Such similarity was to be expected as the majority of Northern Fulmars beached in the Netherlands are of British origin (van Franeker 1979) . Head length alone discriminates between sexes better than the combination of bill length and depth mentioned above. Adding characters to head length improves performance for Northern Fulmars beached in the Netherlands to about 98% according to all tests. More variables also enhanced bimodality in the frequency distributions of discriminant scores, which improves classification reliability for individual birds.
In discriminant function NL4 (Table 2) for Dutch beached Northern Fulmars, bill length is weighted negatively, whereas male bills average significantly larger than female bills. The correlation structure of the variables (as well as the sample size) indicates that the additional discriminative power of bill length in the formula lies not within its absolute value, but in its value relative to other characters, especially head length. Apparently, at a given head length, a male is likely to have a relatively smaller bill than a female having the same head length. Negative weights of other characters can be interpreted in a similar way. Okill et al. (1989) [Auk, Vol. 110 and Hamer and Furness (1991) also found negative signs of coefficients reflecting differences in shape rather than size. For further analysis, we focus on the character combination of head length, bill depth, tarsus length and bill length (as in function NL4 in Table 2 ). Wing and tail lengths have been omitted because their contribution to the discriminant is small, and they contain missing values in all our samples. The other four characters were included because while head length is very important for Northern Fulmars from the Netherlands, this is not necessarily the case for other populations or species. Also, frequency distributions of discriminant scores tended to show stronger bimodality when more characters were used, which is important when determining cut points without reference to sexed birds. Table 3 shows the results of discriminant analysis using the four selected characters for all samples/species. For some Antarctic species, two discriminants were calculated: one for birds sexed by dissection, and another for all sexed birds (sex determined by dissection or by observations). The functions based only on dissected birds have the disadvantage of being based on small sample size, but the advantage of certainty that the sex determinations are correct. The samples that combine all sexed birds are larger but may contain missexed individuals. Discriminant function JM4 for Northern Fulmars from Jan Mayen is not unlike the function for Dutch Northern Fulmars. Similarity in results for the two populations was expected, as both are assigned to the same subspecies (F. glacialis auduboni; van Franeker et al. 1986 known, however, is the reliability of these functions when applied to morphologically different subspecies from the High-Arctic Atlantic (F. g. glacialis) or from the Pacific (F. g. rodgersii; Wattel 1982, Wynne-Edwards 1952) . Analyses for Southern Fulmar, Antarctic Petrel, Cape Petrel, and Snow Petrel ranked the characters HL, BD, TL and CL in the same sequence of importance as in Northern Fulmars, but estimates for regression coefficients fluctuated widely between species. Strong fluctuations in regression coefficients were not limited to different species, but also occurred within a single species. Our discriminants derived from the large samples of birds sexed by dissection or observation were sometimes remarkably different from discriminants derived from dissected birds only. The correlation structure among variables, as well as the sample size, could account for a number of these differences. There were, however, no obvious differences in performance. We also tested the performances of formulas derived from the small sample of dissected birds to the large sample of all sexed birds and vice versa. In any particular sample, the two formulas produced almost equal results, in spite of the differences in weights of characters.
The observation that, within a species, two rather different discriminant formulas operated in a very similar manner was reason to do further tests to determine the value of our population-specific discriminant functions. Therefore, we tested the performance of the formula derived from our largest sample (NL4 of Dutch Northern Fulmars) to all other samples. Cut points were calculated as the midpoint between Table 3 , formula NL4 for the Dutch Northern Fulmars classifies sexes in other species almost as well as population-specific discriminants. In Southern Fulmar and Snow Petrel the percentage of correct classifications by formula NL4 was somewhat lower than when using population-specific discriminants, but in Antarctic Petrel and Cape Petrel performance was improved. The strong differences in character weightings within a population (Table 3 ) and the similar performances of widely different functions throw some doubt on the value of the character weights in our population-specific discriminants, at least for the Antarctic species. Apparently, our population samples are inadequate to give a consistent and optimal (better than general) description of sexual dimorphism within the populations studied. This is not re- ally a problem when working in these populations, but it does create considerable uncertainty when applying the functions to other populations that may be morphologically different. On the other hand, the results indicate that there may be sufficient similarities in morphology between different species of fulmarine petrels to construct a generalized discriminant for all these species. If we are able to construct a reliable general discriminant for different species, such a discriminant likely will perform adequately in unknown populations of each of those species because morphological variation between species is larger than variation within species. In our attempt to construct a multispecies discriminant, we are aware that it cannot improve on the performance of proper singlespecies discriminants based on an adequate variety of samples of different populations, or maybe even a single population. However, as in our case, adequate samples for such speciesspecific discriminants often are lacking. Our approach is to provide a tested general discriminant that can be used as long as tested speciesspecific discriminants are missing. Generalized discriminant for fulmarine petrels.-All samples of birds sexed by dissection plus the sample of Snow Petrels sexed by observations (379 birds from six populations of five [Auk, Vol. 110 Fulmar. For Cape Petrels, Sagar (1986) constructed a sex discriminant for subspecies D. capense australe that assigned 82% of birds to the correct sex, which is similar to our findings for D. c. capense when using similar characters. Assuming that the sampled populations are more or less representative for levels of sexual dimorphism within each species, the GEN4 formula, combined with the cut-point calculation using the expectation-maximization algorithm, is likely to have a success rate of 85 to 90% for correct sex assignments in Antarctic Petrels, Cape Pigeons and Snow Petrels, as well as over 90% in Southern Fulmars and up to 97% in Northern Fulmars.
The remaining species of fulmarine petrels (Macronectes spp.) were not studied, but sexual dimorphism as described by Bourne and Warham (1966) , Johnstone (1977) and Hunter (1984) , suggests reliable results of generalized discriminants for Giant Petrels as well. Possibly, the generalized discriminant can be applied to other procellariid species when alternatives are lacking, but this needs further testing.
Evidently, our statement that the generalized discriminant can be applied to any population of fulmarine petrels with a predictable level of performance is only true when the sample used is from a homogeneous population. The sample from beached Dutch Northern Fulmars is largely of British (or southern North Atlantic) origin, but is heterogeneous in the sense that it contains an admixture of birds from High Arctic populations and of juveniles dying shortly after fledging. Both these groups differ in size and shape. As a result, the GEN4 procedure was less accurate than the population-specific discriminant (93 vs. 98% correct sex assignments). When dark-colored individuals, which definitely originate from High Arctic populations (van Franeker and Wattel1982), and likely juveniles (as judged from anatomy and plumage development; van Franeker 1983) are removed from the Dutch sample, the generalized discriminant did better (96% correct sex assignments). In our analyses, we did not a priori remove specimens of this type from the Dutch sample because similar situations may occur when sampling unknown populations. In our opinion, the results indicate an acceptable level of error in such cases.
There may be exceptional situations of heterogeneous populations. We experienced this with Snow Petrels at Ardery Island (Windmill Islands, Wilkes Land, Antarctica), where two size morphs are breeding (Cowan 1981, van Franeker in prep.) . The Snow Petrels around the nearby Casey Station (sample used in this paper) are all small-morph birds. In the case of Snow Petrels of Ardery Island, field observations of pair bonds, as well as the shape of the frequency distribution of discriminant scores from the GEN4 formula, clearly indicated that the sample was not homogeneous. As far as possible, such circumstantial evidence should be checked before applying any sex-discriminant analysis. A situation like the one on Ardery Island may be considered highly exceptional and does not invalidate the application of the generalized discriminant formula and cut-point calculation to unknown populations.
The approach of a generalized discriminant might be valuable for other bird groups as well. For example, there are several publications on population-specific discriminant functions for different species of gulls. Most can only be applied to the study populations from which they were derived; those authors that explicitly discuss the possible use of their discriminant in other populations warn that usefulness of their function has to be tested in each other population with a sample of birds of known sex (Fox et al. 1981 , Nugent 1982 . When comparing the various functions for gulls, it is remarkable that head length and bill depth are weighted in a ratio of: about 1:2.6 in the Herring Gull (Larus argentatus; Fox et al. 1981) , 1:2.3 in the Blackbacked Gull (L. dominicanus; Nugent 1982) , and 1:1.9 in the Laughing Gull (L. atricilla; Hanners and Patton 1985) . Apart from being similar to the HL:BD ratio in fulmarine petrels (function GEN2), the concurrence in ratio for different Larus gulls suggests that a generalized formula for this gull genus would be possible. Integrated analysis of the data in such cases could mean that the predictive value of existing discriminant functions could be extended to populations or species for which specific functions are not yet available.
Our approach does not replace optimized functions for local populations or species, but is offered as a practical solution for the many cases where sexed birds cannot be obtained and where tested population-or species-specific discriminant functions are not available. Our method can be used to develop species-specific discriminants by combining samples from different populations. Lack of multiple samples for individual species of fulmarine petrels forced us to start on a multispecies level. Because the generalized discriminant has been tested on different species, it has predictable performance in populations of these species. When more data become available for the separate species, we aim at developing species-specific discriminants for the fulmarine petrels.
